In this work, a morphological and structural characterization of a ternary Ag-Cu-Ge alloy of known composition was performed with the aim of evaluating how the passivation parameters (time and temperature) influence the morphological features of the material surface. A nanomechanical characterization was performed in order to correlate the morphology and microstructure of the alloy with its tarnish, wear, and scratch resistance. It was found that the addition of germanium to the alloy not only provides the material with tarnish and fire-stain resistance, but it also improves the scratch and wear resistance owing to the formation of a dense and stable thin oxide layer.
Introduction
Ternary Ag-Cu-Ge alloys are materials that have two main fields of application. An alloy consisting of at least 77 wt% silver, between 0.4% and 7% germanium and the remainder being copper has been proposed as a material for joining two elements in welding or brazing, since it reduces the problems connected with fire stain that arise whenever copper oxidizes at high temperatures [1] .
Furthermore, such alloys are widely used in the manufacture of jewels and silverware, since the addition of a small quantity of germanium to the alloy commonly known as Sterling is known to reduce the issues related to tarnishing and fire stain that affect common silver alloys [2, 3] .
Sterling silver is one of the most widely used silver alloys to produce fine jewellery. The international standard has fixed a minimum of 92.5 wt% [4] of silver in the alloy, but no limitations have been issued about the other constituents [5] . However, since the fourteenth century, silversmiths have used copper for the remaining 7.5% since Cu improves the hardness and strength of the soft silver. Modern manufacturers also add a small quantity of other elements such as cadmium (to improve ductility) and boron (as a grain refiner) [3] . The microstructure of this kind of alloy usually consists of two main phases, the first one (matrix) rich in silver, the second one rich in copper, which can also be eutectic, depending on composition.
The main issue with Sterling silver is that it is subject to tarnish and fire-stain which greatly affect the pure lustre of silver [5] [6] [7] [8] [9] . The addition of different metals in the alloy has been proposed to reduce tarnish and/or fire-stain. Aluminium can prevent tarnish by forming aluminium oxide (transparent), but it makes the alloy too hard for forming [6] ; Zinc, cadmium, and silicon have all been used to improve the tarnish resistance properties of the alloy since they help by reducing the quantity of oxygen, but they also impoverish the strength of the material [7, 8] .
The addition of a certain quantity of germanium to Ag-Cu alloys is a known technique used to improve the tarnish and fire-stain resistance of the artefacts, to form an alloy commonly known as "Argentium" [10] . The presence of Ge induces-after an opportune passivation heat treatment-the formation of a thin, transparent germanium oxide layer that does not affect the aesthetic properties of the artefacts, providing in the meantime the protection of the bulk material from aggressive agents like sulphides [9] .
Even though a lot of work has been carried out by many authors on pure Sterling silver, and in particular on its microstructure, precipitation kinetics and hardening mechanism [11] [12] [13] [14] , the study of Ag-Cu-Ge alloy structure and properties has not been much investigated. To the authors' understanding, there is still a significant gap of knowledge in the literature on the actual microstructural mechanisms that regulate the functional (i.e., tarnish resistant) behavior of Ag-Cu-Ge alloys. In particular, three main critical issues have not been yet investigated in detail and require a deeper and more comprehensive analysis: (i) the influence of time and temperature on the oxide layer thickness and structure during the passivation heat treatment, (ii) the actual morphology, structure, composition and surface distribution of the oxide layer itself, (iii) the correlations (if any) between the thickness and microstructure of the oxide layer and the surface mechanical properties of the alloy, in terms of scratch resistance and friction during sliding contact.
In this work, we focus on the jewellery application and investigate the influence of heating parameters on the morphological and structural characteristics of Ag-Cu-Ge ternary alloy of known composition, as well as the correlation between the morphological features of the alloy and its tarnish resistance properties. Specific focus is given to the analysis of the oxide layer thickness and structure as a function of temperature and time of passivation. Also the correlation between the passivation parameters and the mechanical properties of the alloy is investigated in order to achieve further information on how the surface characteristics affect the hardness and wear resistance of the alloy.
The samples were largely and extensively characterized from a morphological (SEM, TEM and AFM analysis), structural (XPS and EDS analysis), and micromechanical (nanoindentation and nanoscratching) point of view.
Experimental Section
Samples of Ag-Cu-Ge were provided by the manufacturer (Legor Group, Bressanvido, Italy) with the following composition: Ag 93.5 wt%, Cu 5.5 wt%, Ge 1 wt%. Four different set of samples were produced at different passivation temperatures and times. Samples were laminated and polished prior to heat treatment.
Sample 1467 did not undergo any heating treatment, while sample 1468 was prepared according to the most frequently used values for heating parameters (heated at 100 °C in air for 3 h). Sample 1469 was prepared in order to see if an increase of passivation time would produce better results, therefore, the passivation time was extended to 16 h, while keeping the temperature at 100 °C. Sample 1470, heated at 200 °C for 2 h, was prepared to evaluate if a higher temperature would result in a similar result to the standard sample but with a reduced time, thus increasing the production rate.
Microstructural and morphological analyses were performed by Field Emission Gun-SEM investigations, using a FEI Helios Nanolab 600 Dual Beam FIB/SEM equipment (FEI, Hillsboro, OR, USA).
Focused Ion Beam (FIB) techniques [15] were used for TEM lamella preparation. A finished electron transparent portion of the sample (usually 5 μm × 20 μm) was obtained by FIB micro-milling and then, via a micro-manipulator, placed on a sample holder and inserted into the TEM microscope. A thin platinum layer is usually deposited on the sample surface to protect its outer layer from ion damage during FIB milling and thinning. This procedure represents the one site-specific and artefact-less outstanding TEM sample preparation technique. In this case, a TEM lamella (thickness lower than 100 nm) was obtained in correspondence with a grain boundary for each sample, thus allowing the microstructure analysis of both phases, including structure and thickness of the surface oxide layer. TEM-EDS and SAED analysis were then performed with a Philips CM120 microscope (FEI, Hillsboro, OR, USA).
SAED (Selected Area Electron Diffraction) is a crystallographic technique that uses the diffraction of the TEM electron beam with the atoms of the specimen in order to acquire an image consisting of a series of spots or rings pattern which recall the lattice structure. So the diffraction pattern is a series of spots in the case of a crystal, a series of rings in the case of a poly-crystal, while no spots or rings appear for an amorphous material. Even though SAED analysis could have provided information on the phases and materials present in the sample, in this case the thickness of the film was too small to allow an effective tilting of the sample without exiting the selected region of interest. However, SAED is a powerful technique to gain information on whether the material is crystalline or amorphous.
An NT-MDT SMENA (NT-MDT, Moscow, Russia) atomic force microscope was used for AFM measurements. It was chosen to work in semi-contact mode, in order to reduce the risk of anelastic deformation of the sample surface. Standard silicon tips and cantilevers were used.
XPS measurements were carried out to measure photoemission spectra of the core C1s, O1s, Ag3d, Cu2p and Ge3d, working with a Mg kα source, pass energy 25 eV, step 0.1 eV. Quantitative analysis referred to the values of binding energy reported in the NIST Standard Reference Database 20, Version 3.5.
The surface hardness and elastic modulus of the samples were investigated by nanoindentation [16, 17] on the as received samples with a Nano Indenter G200 (Agilent Technologies, Santa Clara, CA, USA), equipped with a Berkovich indenter calibrated on a certified fused silica reference sample. Indentations were performed in a continuous stiffness measurement (CSM) mode, under a constant strain rate of 0.05 s
A maximum penetration depth of 500 nm was set for all tests. A regular matrix of 16 indentations was performed on the primary phase with a spacing of 10 µm. Ten more indentations were performed on the grains of the secondary phase, after microscope use to indenter calibration of the instrument. In this way, the hardness and modulus vs. depth profiles were obtained for both the main phases of each sample. Nanoscratching [18] was performed with the same instrument, loading the sample up to a maximum of 0.5 mN (other test parameters: scratch length 200 µm, scratch velocity 1 µm/s). The friction coefficient was continuously monitored during the nanoscratch test.
To perform the tarnish test, samples were put in a test chamber and exposed to thioacetamide powder crystals (TAA) at 20 °C for 16 h for a standard TAA corrosion test, according to the ISO 4538 [19] . Then a colorimetric test was carried out in order to evaluate the changes in the colour coordinates before and after the corrosion test. Colorimetric analysis was performed using a GretagMacbeth Color i7 spectrophotometer (X-rite, Munich, Germany) and the result were referred to the CIELAB color coordinates [20] .
Results and Discussion

Morphological and Microstructural Characterization
In Figure 1 , SEM micrographs for the samples 1467 and 1469 are reported, showing that the samples have the typical two-phase structure, with a matrix-were Ag is predominant-and clusters of a second phase, rich in copper. Such morphology suggests that a slow, equilibrium cooling occurred [21, 22] .
Similar microstructures were evidenced for all the samples. EDS cross-section profiles on TEM lamellae for the 1469 sample are shown in Figure 2 . The profiles were performed for both the main phases. At least eight measurement points were performed for each analysis and the points were aligned on a path starting from about 100 nm deep into the surface of the samples and moving towards the platinum protective layers. The red arrows in Figure 3 show the points (approximately) and the direction of measurements. As shown in Figure 2 the matrix phase (α-phase) is mainly constituted of Ag, with a small amount of Cu and Ge, while it is in the β-phase, richer in copper, that most of the Germanium is alloyed. It is also in this phase that most of the oxide forms. However, even if some oxide forms in the α-phase, it is still Cu and Ge oxide, since the XPS showed that no Ag is present in its oxidized state. Similar trends were obtained for all the samples, and are not shown here for brevity. Table 1 shows XPS data relative to Ag, Cu, and Ge peaks for all samples. It was found that silver is present only in its metallic state; Cu is present as Cu, CuO, and Cu2O (it was not possible to separate the peaks of Cu and Cu2O), while Ge is present in both metallic (Ge) and oxidized (GeO2) state.
Data reported in Table 1 show that the heat treatment favors the surface concentration of Cu and Ge; this is probably due to the diffusion of germanium (and to a lesser extent, of copper) from the deeper zones of the bulk towards the surface. This diffusion balanced the amount of Ge and Cu that had reacted with oxygen and was removed from the alloy lattice following the oxidation process. It also seems that the heating treatment favors the oxidation of Ge rather than Cu. In sample 1468, treated at 100 °C, the percentage of oxidized germanium is higher by 5% with respect to the non-heated sample; if the heating is prolonged, as for sample 1469, all the Ge is oxidized. Sample 1470, treated at 200 °C, shows again a little metallic Ge, suggesting that the surface oxide may be fragile and may have cracked, thus exposing part of the underneath metallic phase: this is also confirmed by SEM and AFM images. In Figure 3a TEM micrograph with the detail of sample 1469 is reported showing the two main phases and the thin oxide layer (the thin white line between the alloy and the protective platinum layer). From such images it was possible, for all samples, to measure the thickness of the oxide layer.
A histogram with the estimated average thickness of the oxide layers is shown in Figure 4 : it is clearly visible that a higher temperature is responsible for the increase of the total oxide layer, rising from 4 ± 1 nm for sample 1467 (no heat treatment) to 19 ± 5 nm for sample 1470 (200 °C).
For all samples (1470 excluded) it was shown that the oxide layer is thicker in the β-phase than in the α-phase. Only in sample 1469 is germanium oxide thickness uniformly distributed between the two main phases. For sample 1467, which did not undergo any heating treatment, no protective oxide layer was observed in the main phase. Also, in sample 1470 the oxide is about to crack, revealing it to be porous and fragile, as shown in Figure 5a ; the porous oxide structure is clearly visible. For comparison, Figure 5b shows an image of sample 1469 whose protective oxide layer is revealed to be thin and dense. Figure 5c shows a section of sample 1470 in which the cracks in the oxide layer are evidenced in circles. A thicker oxide layer, in conjunction with a more porous and more inhomogeneous surface morphology, could lead to a more brittle behavior of the oxide layer itself, as in the case of sample 1470.
AFM images confirm that all samples have the typical two-phase structure, with an Ag-rich matrix (α), and clusters of a β, Cu-rich, phase. In all samples the Cu-rich phase is made of clusters slightly higher than the matrix: this is due to the higher hardness of the β-phase oxide, so that during polishing a minor quantity of material is removed. As we already know from EDS, it is in this second phase that most of the germanium is alloyed. Figure 6 shows the different morphology, for sample 1468, passivated at 100 °C, for the two different phases. The Cu-rich phase is characterized by roundly shaped grains (about 40-60 nm in diameter) which tend to agglomerate in height to form bigger structures (130-180 nm), while the Ag-rich phase is constituted by grains of 30-50 nm in diameter which tend to agglomerate in a longitudinal direction.
A similar trend is confirmed for all samples, not shown here for brevity. The second phase also show mean roughness values that are slightly higher than those measured for the Ag-rich matrix, as shown in Table 2 . The mean roughness reported here is measured according to the ISO 4287 standard [23] , and it is relative to a 1 × 1 µm area, since the inclusions of the β-phase are very small. Table 2 also shows, for all samples, the value of the mean roughness, measured on the maximum area possible to scan with AFM.
Due to a non-planarity of some samples and to the impossibility to perform any surface cleaning prior to the data acquisition with AFM-to avoid altering the result-the maximum scan area that was possible to acquire without any artefacts or contamination in the imaging, was 50 µm × 50 µm. The reported values refer to an average of five different areas for each sample. It is clear, from the data in Table 2 , that an increase of the passivation temperature induces an increase of the mean roughness, rising from 3.7 nm for the sample with no heat treatment to 4.4 nm (average) for the samples passivated at 100 °C, to 7.1 nm for the sample heated at 200 °C. The increase of the mean roughness is in agreement with the presence of a thicker oxide layer in the samples treated at higher temperature, since it was observed that the grains of the β phase tend to agglomerate to form higher, and rougher, structures. AFM also confirmed that sample 1470 has a fragile surface oxide that tends to exfoliate, as shown in Figure 7 . 
Micromechanical Characterization
Through nanoindentation hardness and elastic modulus both the main different phases were evaluated for each sample. Figure 8 shows the comparison between the modulus and hardness of the two main phases for all samples (error bars are not shown for clarity).
The results show that for all samples, the bulk properties are almost the same, as shown in the graphics above, at the higher values of displacement into surface. Furthermore, for all samples, indentation on the Cu-rich grains shows higher elastic modulus and higher hardness, in comparison with the Ag-rich matrix: the value of the hardness on the Ag-rich phase, at a displacement value of 40 nm, goes from about 3.17 to 4.04 GPa, while, at the same value of displacement, the hardness measured on the Cu-rich phase ranges from 4.53 to 8.09 GPa. Also the modulus shows the same behavior ranging from 86.38 to 106.78 on the α-phase while it goes from 107.91 to 138.22 GPa in the β-phase.
An increase of both hardness and modulus is observed for the Ag-rich phase at penetration depth lower than 50 nm: this is likely due to a pileup effect which usually involves an overestimation of the elastic modulus at penetration depths lower than 50 nm for soft metals with a surface hardened layer (due to the forming process) [15] . Sample 1470 shows a completely different mechanical behavior at penetration depths lower than 100 nm. In particular, a significantly lower hardness is measured, in comparison with the other samples, and a marked reduction of the elastic modulus is observed for penetration depths lower than 60 nm.
Two different explanations can be proposed for this effects: the presence of a brittle surface oxide layer (as seen with TEM and AFM) or a partial recrystallization (or at least stress relieving) in correspondence with the surface hardened layer; in fact a modification of the surface residual stress could even cause a decrease of the apparent measured elastic modulus: this effect is obviously not real (modulus is not affected by residual stress), but it is observed in nanoindentation testing because a variation of the surface residual stress usually involves a modification of the contact area during indentation.
Nanoscratching was performed by means of a Berkovich nanoindenter with the aim to gain information on the wear resistance of the samples. Displacement into surface vs. scratch distance curves were also performed, although not shown here for brevity. The results showed that the Cu-rich phases are more resistant to scratch, as a consequence of their higher hardness; this result was confirmed after SEM imaging of the scratches: the width of the scratch is significantly reduced in correspondence with the Cu-rich grains, as shown in Figure 9 , as examples, for samples 1467 and 1468. In Figure 10 the histogram of the friction coefficient for all the samples is reported. It is possible to notice that the friction coefficient greatly decreases for samples treated at 100 °C (friction coeff. = 0.236 for sample 1468 and 0.164 for sample 1469), with respect to the room temperature sample (friction coeff. = 0.653). This suggests that the oxide layer that forms at this temperature might act as a solid state lubricant, greatly reducing the friction coefficient. A reduction of the friction coefficient directly involves a reduction of the surface contact stress during sliding contact, thus enhancing the scratch and wear resistance of the component. Also, the higher values of surface roughness evidenced by AFM for sample 1470 could give rise to significantly higher values of surface contact stresses during nanoscratch tests [18] . We can conclude that the addition of germanium to Sterling silver, and an opportune passivation treatment, not only improves its tarnishing and fire stain resistance, reducing the frequency of the re-polishing and increasing the time between one re-polishing treatment and the subsequent one, but it also increases the wear resistance of the alloy. This is particularly desirable since re-polishing of tarnished silver often produces wear and scratches causing the material to lose its pristine appearance. While increasing passivation time produces a better friction coefficient, a different behavior occurs if the temperature is too high. For the sample treated at 200 °C the value of the friction coefficient rises up almost to the value of the non-treated sample (friction coeff. = 0.558). Once again this is in agreement with the formation of a brittle oxide that cracks up so that the lubrication effect between the probe and the material is lost.
Further TEM Characterization
To have a further insight on the anomalous behavior of sample 1470, SAED analysis was performed, on this sample and the results were compared with sample 1469.
The electron beam of TEM was moved along a line starting from the "bulk" material and proceeding towards the platinum protective layer; then the areas of the sample in which the diffraction pattern changed were studied. If a change in the spots pattern takes place, then a new crystalline phase is found. If the spots disappear, then an amorphous phase is encountered. Figure 11 . Selected area electron diffraction (SAED) analysis of sample 1469, performed with TEM (120 kV, camera length 470 mm). The circles mark the zones of the diffraction patterns. Figure 11 shows the SAED results for sample 1469. The images were acquired in three areas: inside the β-phase (zone 1), inside the oxide layer, closer to the alloy (zone 2) and inside the oxide layer, closer to the platinum protective layer (zone 3). Since there is no change in the position of the spots, but only a disappearing of the spots, then no intermediate crystallographic structure between the crystalline cell of β-phase (zone 1) and the amorphous structure of platinum layer is present. Thus, although the oxide layer is extremely thin for this kind of analysis, we can conclude that the structure of the oxide is most likely amorphous, or at least amorphous to a certain degree. Figure 12 shows the analysis for sample 1470. In this case the analysis was performed in four different areas comprising the β-phase (zone 1), the oxide layer closer to the alloy (zone 2), the oxide layer closer to the platinum protective layer (zone 3) and the platinum layer itself (zone 4). A change in the position of the spots is evidenced from the comparison between the four diffraction patterns. The spots marked with (1) in zone 1 tend to disappear while progressing along the path of analysis; however, some new spots appear, those marked with (2) . Such patterns clearly show that there is an intermediate crystallographic structure between the cell of β-phase (zone 1) and the structure of the platinum layer (zone 4). Then, in zone 3 a third series of spots appears, which suggests that in this case part of the platinum is crystalline as well. Finally, as shown in zone 4, most of the spots disappear, leaving only the ones that appeared last (crystalline platinum mixed with amorphous platinum; platinum can be crystalline or amorphous depending on its electronic or ionic nature). We can easily conclude that, in this case, the structure of the oxide layer is crystalline.
The crystallinity of the oxide layer on sample 1470 gives a further explanation of its brittleness, thus confirming the results obtained with AFM and SEM, and of the increase of the friction coefficient observed with the nanoscratching test. Figure 13 shows samples 1468 and 1469 after the thioacetamide (TAA) corrosion test, together with a standard Sterling silver sample. As shown, sample 1469 has the best performance against tarnishing: the variation of luminance (ΔL) is 3.5 compared to 10.2 for sample 1468 and 26.7 for the standard Sterling sample. Also the variation of color, ΔE (as defined in [20] ), is smaller for sample 1469 (ΔE = 9.0) than sample 1468 (ΔE = 24.3) and standard Sterling (ΔE = 40.6). We can conclude that a passivation time of 16 h not only increases the mechanical properties of the material, but also its tarnishing resistance is greatly improved. Figure 13 . Colorimetric measurement of the samples passivated at 100 °C compared to a standard Sterling silver, after the TAA corrosion test. The graph shows the variation of lightness (ΔL) and color coordinates (ΔE) for each sample after the test.
Tarnishing Test
General Discussion
All samples showed a typical two phase structure, with a Cu rich second phase included in an Ag rich matrix. Sample 1467 was not heat treated and the β-phase inclusions present a lamellae spacing due to the lamination of the sample. The heat treatment relaxes the distribution of the inclusions which appear more randomly dispersed (Figure 1) .
A thin oxide layers forms in all heated samples, and it appears that the annealing improves the concentration of germanium on the surface. Preferential oxidation of germanium rather than copper is evident in sample 1469 with respect to sample 1468 and 1467.
Samples 1467, 1468, and 1469 bulk properties are almost the same and their Cu-rich grains show higher elastic modulus and hardness, in comparison with the Ag-rich matrix. Sample 1470 shows a different mechanical behavior since a significantly lower hardness is measured, and a marked reduction of the elastic modulus is observed: this has been related to the formation of a brittle oxide layer.
A passivation temperature of 100 °C and a time of 16 h are the best experimental conditions to produce a wear resistant, uniformly distributed oxide layer. A sample prepared under such parameters also proved to have the higher tarnish resistance.
Sample 1470 was treated at a significant higher temperature than samples 1468 and 1469 but for less time. In this case, however, the resulting material performed poorly, as it was covered by a thick, brittle oxide that cracked and did not provide the tarnishing protection required.
Conclusions
Samples of a ternary Ag-Cu-Ge alloy were characterized from structural, morphological, and a mechanical point of view. It has been found that:
1. Samples are composed of two phases, with copper rich clusters dispersed in a silver rich matrix. This is consistent with a slow, equilibrium cooling.
2. The majority of germanium is alloyed in the Cu-rich β-phase.
3. Only germanium and copper are present in the oxidized state, the latter being present in two different oxides: CuO and Cu2O; germanium is found as GeO2 and in its metallic state, while silver is all metallic.
4. The thickness of the oxide layer increases with the increase of passivation temperature; an increase of passivation time produces oxide layers whose thickness is uniform in the two phases.
5. The surface roughness of the samples is higher in the β-phase, than in the α one. Consistently with the previous point, an increase of passivation temperature induces an increase of surface roughness.
6. The friction coefficient is significantly reduced for samples treated at 100 °C, due to the presence of a thin and dense oxide layer on the Ag-rich phase that acts as a solid state lubricant; the addition of germanium to Sterling silver, followed by an adequate heat treatment, not only improves its tarnishing and fire stain resistance, but also increases the wear and scratch resistance of the alloy.
7. The sample passivated at the highest temperature is covered with a thicker, brittle, and porous oxide layer: this causes an increase in the friction coefficient and may be the cause of a decrease in the tarnish resistance properties; thus an increase in the heating temperature above a certain limit produces a poor quality material and is to be avoided.
